Abstract. The orchid subfamily Apostasioideae consists of two genera, Apostasia and Neuwiedia. To study the position of Apostasioideae within Orchidaceae and their intra-and intergeneric relationships, a molecular phylogenetic analysis has been conducted on the nuclear ITS region and the two plastid DNA regions trnL-F intron and matK. The two genera traditionally ascribed to Apostasioideae are each monophyletic. In Apostasia, A. nuda, with two stamens and no staminode, is sister to a clade comprising three species characterised by two stamens and one staminode. Within Neuwiedia, maximum parsimony analyses place N. zollingeri as sister to the clade formed by N. borneensis and N. veratrifolia. A family-wide phylogenetic analysis of matK sequences representing all proposed subfamilies of Orchidaceae produced five moderately to well-supported clades. One of these clades, Apostasioideae, is sister to the clade formed by Vanilloideae, Cypripedioideae, Orchidoideae and Epidendroideae. High transition-transversion ratio and the absence of stop codons in the individual sequences suggest that matK is at the transition from a possibly functional gene to a pseudogene in Apostasioideae, contrary to what is found in some other groups of Orchidaceae.
Introduction
The genera Apostasia and Neuwiedia form the subfamily Apostasioideae (Orchidaceae), with a total of 15 species mainly occurring in Southeast Asia. In contrast to all other orchids, they have a very simple gynostemium and three stamens, one of which may be a staminode in Apostasia (Kocyan and Endress 2001) . Traditionally, the subfamily is placed as sister to the rest of Orchidaceae (see Stern et al. 1993 , Kocyan and Endress 2001 , Rudall and Bateman 2002 , for recent reviews of their taxonomic history). This placement is also supported by recent molecular (rbcL, 18S, nad1 b-c; Cameron et al. 1999 , Cameron and Chase 2000 , Freudenstein et al. 2000 and nonmolecular analyses (Freudenstein and Rasmussen 1999) . However, little information has been available on the systematic structure of these two genera. De Vogel (1969) proposed two different sections in Apostasia based on the presence or absence of the staminode, which represents the vestige of the median abaxial stamen: sect. Apostasia, with a staminode, and sect. Adactylus without a staminode. This division was also confirmed by a recent study on floral structures and developmental pat-terns of Apostasioideae (Kocyan and Endress 2001) . The relationships among Neuwiedia species still remain to be resolved, because morphological results are somewhat ambiguous (de Vogel 1969, Kocyan and Endress 2001) . In order to investigate inter-and intrageneric relationships within Apostasioideae, which are to date mainly based on morphological observations, we have produced sequences from three commonly used DNA regions: 1) the internal transcribed spacer (ITS) of the nuclear ribosomal DNA (e.g. Baldwin 1992 , Cox et al. 1997 , Conti et al. 1999 , von Balthazar et al. 2000 , Whitten et al. 2000 , Gravendeel et al. 2001 ; 2) the plastid gene matK (e.g. Soltis 1994, 1995; Conti et al. 1999; Kores et al. 2000; Whitten et al. 2000; Goldman et al. 2001; Gravendeel et al. 2001; Scho¨nenberger and Conti 2003) ; and 3) the non coding trnL-F intergenic spacer of the plastid genome (e.g. Taberlet et al. 1991 , Pfosser and Speta 1999 , Whitten et al. 2000 . Furthermore, a matK-data matrix representing all major orchid clades has been produced to test the monophyly and the phylogenetic position of Apostasioideae within Orchidaceae.
Materials and methods
Taxon sampling. Our study comprises four (out of seven) Apostasia species, three (out of eight) Neuwiedia species, 15 representatives of other major orchid clades, as well as Blandfordia punicea (Blandfordiaceae) and Curculigo capitulata (Hypoxidaceae) as outgroups (Table 1) . Blandfordiaceae and Hypoxidaceae have been identified as close relatives of Orchidaceae in broad analyses of Asparagales (Rudall et al. 1997 (Table 1) . With the exception of Apostasia nipponica (kindly offered by T. Yukawa, Tsukuba Botanical Garden, Amakubo, Japan) the material was collected during field trips to Sabah/ Malaysia and Tasmania/Australia by the first author. The sampling that represents less than 50 % of the known species diversity may be critizised. However, all Apostasioideae species are rare, none is available in cultivation, and some are known only from very few (old) herbarium collections. To increase the species sampling we also tried to extract DNA from herbarium material without success. Non-apostasioid orchids were sampled in various botanical gardens. Nomenclature of Apostasia and Neuwiedia follows that of de Vogel (1969) . Vouchers are deposited in the Zu¨rich herbarium [Z+ZT] or in the pickled collection of A. Kocyan. ITS and matK sequences of various orchid taxa were obtained from Genbank (Table 1) .
DNA extraction and sequencing. Leaf material was dried and preserved in silica gel. Total genomic DNA was extracted from dried material following the modified CTAB procedure of Doyle and Doyle (1987) or the SDS protocol after Eichenberger et al. (2000) . Apostasia nipponica was extracted with the DNeasyä Plant Mini Kit (Qiagen, Basel, Switzerland). The selected DNA regions were amplified with standard polymerase chain reactions (PCR). Newly designed primers (von Balthazar et al. 2000) were used to amplify the entire ITS1, 5.8S rDNA and ITS2 region in a single reaction (Baldwin 1992) . Primers c and f of Taberlet et al. (1991) were used to amplify the trnL(UAA)5¢ exon and trnF(GAA) of the chloroplast genome in a single reaction. The matK gene was amplified in two overlapping parts using the -19F forward (CGTTCTGACCATATTGCACTATG; Kores et al. 2000 and 834R reverse (AAAGACTCCARAAGATRTTG) primers, and the 580F (ACTAATACCCYATCCCATMC) and R1 (CATTTTTCATTGCACACGRC) primers. Primer R1 anneals slightly upstream of the often used trnK-2R primer. Primers 580F, 834R and R1 were newly designed for this study. The PCR protocol used to amplify ITS, trnL-F intron and matK was as follows: 35 cycles of 30 sec at 95°C denaturation, 1 min annealing (50°C for ITS, 55°C for trnL-F, 49°C for matK), 1 min 40 sec elongation at 72°C. Three species appeared to contain multiple copies of ITS, and PCR products were cloned with the TOPO TA cloning Ò kit (Invitrogen). Several clones were sequenced and subjected to phylogenetic analyses. A putative ortholog was identified based on branch length, sequence characteristic, and phylogenetic placement, and was then used in final analyses. Prior to cycle sequencing, PCR products were purified with the Qiaquickä PCR Purification Kit (Qiagen, Basel, Switzerland Phylogenetic analyses. In the first step, matK sequences were used to perform a broader analysis on representatives of all Orchidaceae to test the monophyly of Apostasioideae and to explore their position within the family. Phylogenetic analyses were performed with PAUP* 4.0b10 (Swofford 2002) using maximum parsimony (MP) with the factory settings of the branch-and-bound search option activated. Gaps were treated as missing values. Bootstrap analysis was performed with 100 replicates under the branch-and-bound search (Felsenstein 1985) . Uninformative characters were excluded from the analysis. For this analysis Blandfordia punicea (Blandfordiaceae) and Curculigo capitulata (Hypoxidaceae) were used as outgroup taxa.
A second series of analyses focused on Apostasioideae as the ingroup. To reduce problems of multiple sequence alignment in the more variable trnL-F and ITS regions only two taxa (Cypripedium calceolus and Vanilla planifolia) were sampled from the sister clade of Apostasioideae (also see Cameron et al. 1999 , Freudenstein et al. 2000 and used for global outgroup comparison (Maddison et al. 1984) . For each DNA region (ITS, trnL-F, matK) individual analyses were performed, followed by a combined analysis of all three data sets. Due to the small number of taxa, an exhaustive search with the maximum parsimony criterion was possible, followed by a bootstrap analysis with 100 replicates under branch-and-bound search option with factory settings (Felsenstein 1985 To investigate patterns of molecular evolution and detect the presence of potential pseudogenes in our sequences, we calculated the ratio between transitions (ts) and transversions (tv) and their respective consistency (CI) and retention indices (RI). The number of transversions, their CI, and RI were obtained by using a step matrix that downweighted the transitions to zero and by reconstructing their distribution on the most parsimonious trees under ACCTRAN optimization. The corresponding values for transitions were obtained by subtracting the values obtained for transversions from the values calculated for the entire data matrices (Goldman et al. 2001 , Gravendeel et al. 2001 , Whitten et al. 2000 .
Results
Analysis of Orchidaceae. The aligned matK matrix comprised 1654 positions, of which 902 were constant, 280 uninformative, and 472 parsimony informative. The branch-andbound search produced a single most parsimonious tree with a length of 1157 steps, a consistency index (CI) of 0.60, and a retention index (RI) of 0.73 (Table 2) . Transitions (ts) were more numerous than transversions (tr), with a ts/tr ratio of 1.27 (Table 3 ). In the aligned sequences, most indels occurred in triplets; however, some were non-triplets ranging from 1bp to 26bp resulting in a change of the reading frame.
Five main clades were identified in the broader analysis (Fig. 1) . Apostasioideae are monophyletic (100% Bootstrap Support [BS] ) and sister to a clade comprising four clades (95% BS): Vanilloideae (97% BS) are sister to a monophylum (58% BS) of Cypripedioideae (100% BS), Orchidoideae (100% BS), and Epidendroideae (84% BS), which form a ''lower'' grade and a ''higher'' clade (95% BS). Cypripedioideae is sister to clade (97% BS) that comprises Orchidoideae and Epidendroideae.
Analysis of Apostasioideae. The matK data matrix for the narrower analysis comprised 1588 aligned positions, of which 1202 were constant, 218 uninformative, and 168 parsimony-informative (Table 2 ). An exhaustive search produced a single most parsimonious tree of 210 steps, a CI of 0.93 and a RI of 0.95. The ts/tr ratio was 1.47 (Table 3) . Individual analysis of apostasioid matK sequences revealed no internal stop codons. However, when aligned these sequences showed indels that were not in multiples of three bases. 1602 positions were aligned for trnL-F (Table 2) , with 1364 constant characters, 161 uninformative, and 77 parsimony-informative ( Table 2) . The non-aligned trnL-F sequences showed remarkable length variation, ranging from 1253 bp in Neuwiedia borneensis to 931 bp in Cypripedium calceolus. Three equally parsimonious trees were produced, with tree lengths of 105 steps, a CI of 0.87, and a RI of 0.91. The ts/tr ratio was 1.19 (Table 3) . For ITS, a matrix of 1033 aligned positions was used for an exhaustive search under maximum parsimony. For Apostasia nipponica, only 537 bp (ITS 2), covering the 5.8S rDNA to the priming site in the 26S nrDNA region, were amplifiable. The ITS sequences yielded 504 constant, 206 uninformative, and 323 parsimony-informative characters (Table 2) . ITS analysis resulted in two equally parsimonious trees with tree lengths of 571 steps, CIs of 0.88, and RIs of 0.90. The ts/tr ratio was 0.96 (Table 3) . The ILD tests indicated no homogeneity conflicts (P values ranging from 0.625 to 1); we therefore combined all three individual data sets into one data matrix. The total aligned data matrix consisted of 4223 positions, of which 3070 were constant, 585 uninformative, and 568 parsimony-informative (Table 2 ). The combined analysis revealed two equally most parsimonious trees of 887 steps, a CI of 0.89, and a RI of 0.91.
All data matrices, both separate and combined, produced trees with essentially the same topology (Fig. 2) , except for the detailed relationships among Apostasia nipponica, A. odorata and A. wallichii, which collapsed to an unresolved polytomy in the trnL-F, ITS and combined strict consensus trees (see arrowheads in Fig. 2 ). In the single MP tree from matK sequences, A. nipponica was sister to the clade formed by A. wallichii and A. odorata. Apostasia and Neuwiedia formed monophyletic sister groups with 100% bootstrap support in all trees. Within Apostasia, all trees supported A. nuda as sister to all other species representing the genus (BS ranging from 56% to 100%) and within Neuwiedia all trees supported N. zollingeri as sister to N. borneensis and N. veratrifolia (BS ranging from 91% to 100%). The most parsimonious trees obtained from the trnL-F, ITS, and combined data sets as shown in Fig. 2 were selected to represent the highest topological similarity to the single most parsimonious matK tree.
Discussion
Cladogenesis of Orchidaceae. The five main clades found in the broader analysis largely correspond to those reported in Cameron et al. (1999) , Cameron and Chase (2000) , and Freudenstein et al. (2000) . Our cladogram is congruent with the trees published in previous studies (Neyland and Urbatsch 1995 , Cameron and Chase 2000 in placing the vanilloids sister to the cypripedioids and the remaining monandrous orchids. However, other studies identified the cypripedioids as sister to all monandrous orchids (Cameron et al. 1999 . Most recently, Cameron (2003) , Chase et al. (2003) , and Freudenstein and Chase (2003) presented cladograms based on evidence from nine DNA regions resulting in the same tree topology supported in our study.
Cladogenesis of Apostasioideae. Our parsimony analyses strongly supported the monophyly of Apostasioideae and their sister-group relationship to the remaining orchids (also see Cameron et al. 1999 , Cameron and Chase 2000 , Freudenstein et al. 2000 . The close relationship between Apostasia and Neuwiedia had already been suggested based on studies of early floral development in these two genera (Kocyan and Endress 2001) and on the shared occurrence of vessels with simple perforation plates (Judd et al. 1993) . Our phylogenetic results, however, contradicted the conclusion of Garay (1972) , who found no close relationship between the two genera based on morphological observations. A separation into two subfamilies Neuwiedioideae and Apostasioideae as proposed by Burns-Balogh and Funk (1986) is not supported by our matK analysis. In addition, a close relationship between Apostasioideae sensu Burns- Balogh and Funk (1986) and Cypripedioideae based on the shared occurrence of two stamens (BurnsBalogh and Funk 1986) is not supported by our matK analysis. The genus Apostasia contains two sections (de Vogel 1969) . Section Apostasia (A. nipponica, A. odorata, A. wallichii, A. parvula) is characterised by a staminode that is homologous to the median stamen of the outer androecial whorl of Neuwiedia and the only functional stamen of monandrous orchids. Section Adactylus (Apostasia nuda, A. elliptica, A. latifolia) differs from section Apostasia in lacking a staminode (de Vogel 1969) . Our analysis supports the subdivision of the Apostasia into two sections sensu de Vogel (1969), as all sampled Apostasia species with a staminode (A. nipponica, A. odorata, A. wallichii) form a well supported clade sister to section Adactylus (A. nuda). In the light of these results and floral developmental studies (Kocyan and Endress 2001 ) the total loss of the staminode represents an apomorphy for section Adactylus; hence, the remaining staminode of section Apostasia is plesiomorphic. Within section Apostasia, only the matK tree supports a clade consisting of A. wallichii and A. odorata, which is sister to A. nipponica; however, with relatively low bootstrap support. The trnL-F, ITS and combined data sets reveal no resolution among them.
In Neuwiedia, all trees strongly support N. zollingeri var. javanica as sister to the clade formed by N. borneensis and N. veratrifolia. This agrees in part with floral morphology. In N. borneensis and N. veratrifolia the stylar flanks are decurrent in the gynostemium, whereas this is not the case in N. zollingeri. However, other reproductive features unite N. zollingeri either with N. veratrifolia (relatively large flowers with the style not overtopping the stamens and enlarged filament tips vs. relatively small flowers with the style overtopping the stamens and not enlarged filament tips) or with N. borneensis (fleshy, berry-like fruits vs. thin-walled capsules) (de Vogel 1969, Kocyan and Endress 2001) . Thus it is difficult to recognize synapomorphies. It should be emphasized that we can exclude the possibility that we have mislabeled our DNA samples, as we have extracted leaf material from different localities to test this.
Molecular evolution of matK. DNA sequences with low ts/tv ratios are usually assumed to represent pseudogenes, because substitutions between purines and pyrimidines are less likely in a functional gene than substitutions within purines or pyrimidines (Graur and Li 2000) . The occurrence of matK pseudogenes has been reported in orchids , Goldman et al. 2001 , Gravendeel et al. 2001 , Whitten et al. 2001 and other plant families (e.g. Malpighiaceae; Cameron et al. 2001) . However, the relatively high ts/tv ratio of 1.47 and the absence of frame shifts and resulting stop codons in the individual sequences suggest that matK may not be a pseudogene in apostasioid orchids. The value is intermediate between those reported for matK pseudogenes in orchids (1.02 for Arethuseae, Goldman et al. 2001; 0.66 for Maxillarieae, Whitten et al. 2001; 0.85 for Coelogyne, Gravendeel et al. 2001 ) and those reported for functional genes in orchids (1.89 in rbcL, Goldman et al. 2001 ) and other angiosperms (1.65 and 2.09 for rbcL and atpB, respectively, Savolainen et al. 2000) . Therefore, it may be possible that matK of apostasioid orchids is at the transition from a possibly functional gene to a pseudogene.
Conclusions. This study clearly shows that Apostasioideae form a clade that is sister to the remaining Orchidaceae. A similarly clear result is obtained on the relationship between the two sections of Apostasia: both sections are sister to each other. The loss of the staminode in section Adactylus may then be an apomorphy whereas in section Apostasia the median stamen is the plesiomorphic state. However, within section Apostasia the relationship among taxa remains unresolved. Additional markers such as psbA-trnH and atpB-rbcL may give better insight in the evolution of these sections. In Neuwiedia all analyses yield the same topology, which contrasts with the topology one may expect observing morphological characters. Adding new taxa to the molecular dataset may be crucial for the understanding of Neuwiedia evolution.
The study of matK gives an additional interesting result: matK of Apostasioideae may be at the transition from a possibly functional gene to a pseudogene. As we have indications that matK is a pseudogene in the remaining orchids, it would be interesting to know the matK character of families closely related to orchids such as Asteliaceae or Hypoxidaceae.
